Rationale and objective Repeated and/or heightened elevations in glucocorticoids (e.g., repeated stress) can promote escalated drug-taking behaviors and induce compromised HPA axis function. Given that interoceptive/subjective drug cues are a fundamental factor in drug-taking behavior, we sought to determine the effects of exposure to repeated elevations in the glucocorticoid corticosterone (CORT) on the interoceptive effects of alcohol in rats using drug discrimination techniques. Methods Male Long Evans rats trained to discriminate alcohol (1 g/kg, IG) vs. water were exposed to CORT (300 μg/ml) in the home cage drinking water for 7 days. The interoceptive effects of experimenter-and selfadministered alcohol were assessed and HPA axis function was determined.
Introduction
Glucocorticoids (cortisol in the human; corticosterone in the rodent) are secreted upon hypothalamic-pituitaryadrenal (HPA axis) activation and play a major role in normal negative feedback control of the HPA axis, the major neuroendocrine system involved in regulating response to stressors (see de Kloet et al. 2005; McEwen 2007) . However, repeated and/or persistent elevations in glucocorticoids can have detrimental consequences, such as impaired HPA axis function (McEwen 2007) and increased risk for developing some affective disorders (Brown et al. 2004; Gold and Chrousos 2002; Sapolsky 2000) ; e.g., depression). Compromised HPA axis function, including dysregulation of glucocorticoid feedback and blunted response to HPA axis activation, is a characteristic feature of alcoholism (Adinoff et al. 1990; Berman et al. 1990 ; King et al. 2006; Lovallo et al. 2000; Majumdar et al. 1988; Wand and Dobs 1991) and can persist into abstinence (Adinoff et al. 1990; Costa et al. 1996; Errico et al. 1993) , highlighting the enduring nature of these changes.
There is a substantial literature showing that repeated and/or heightened elevations in glucocorticoids (e.g., resulting from chronic or repeated stress exposure) escalate drug-taking and -seeking behaviors (see Goeders 2002; Hoffmann and Su 1998; Koob 1999; Kreek and Koob 1998; Lu et al. 2003; Piazza and Le Moal 1998; Sillaber and Henniger 2004) . A fundamental factor in drug-taking behavior is the interoceptive (subjective) drug cues (Stolerman 1992) , such as the feeling of "drunkenness" or lightheadedness that can accompany alcohol drinking. Therefore, it is plausible that increased drug taking may be related to changes in the interoceptive effects of the drug. For example, if an individual is sensitive to the subjective/ interoceptive cues produced by alcohol drinking, and those cues are blunted, then the likelihood of escalated alcohol drinking may be increased. Indeed, individuals with decreased subjective sensitivity to alcohol may be more likely to drink more alcohol than individuals with greater sensitivity (see Pollock 1992) . Interestingly, these less sensitive individuals, such as individuals with a family history of an alcohol use disorder (AUD), are at higher risk for developing AUDs (Schuckit 2009; Schuckit and Smith 2000; Trim et al. 2009 ) and show dysregulated response to HPA axis challenges (Dai et al. 2002; Hernandez-Avila et al. 2002; Uhart et al. 2006; Waltman et al. 1994) .
The primary goal of the present work was to examine the effects of repeated elevations in CORT on the interoceptive effects of alcohol in rats. Elevations in glucocorticoids can be induced by exposure to stressors or directly, by exogenous administration of CORT. In the present work, we utilized CORT in drinking water as the method to induce repeated heightened elevations in glucocorticoids (Gourley and Taylor 2009; Karatsoreos et al. 2010) . Therefore, to address the primary hypothesis that repeated elevations in CORT result in decreased sensitivity to the interoceptive effects of alcohol, we assessed whether CORT exposure altered the discriminative stimulus effects of 1) experimenter-administered, and 2) self-administered alcohol in rats trained to discriminate a moderate dose of alcohol (1 g/kg, IG) from water (IG) using well-characterized drug discrimination methods. Control experiments were also conducted to eliminate memory/discrimination performance impairment explanations, to determine the necessity of repeated CORT exposure, and to assess the role of reduced CORT levels. Further, experiments were conducted to characterize the CORT exposure model and to assess HPA axis function in response to a challenge. Understanding the behavioral mechanisms by which repeated elevations in glucocorticoids can alter the interoceptive effects of alcohol is an important approach and may lead to a better understanding of factors that promote alcohol abuse and alcoholism.
Methods

Animals
Male Long Evans rats (Harlan Sprague Dawley, Indianapolis, IN), maintained at approximately 325-340 g, were fed at approximately 3 pm each day. Food restriction is common in drug discrimination procedures and was carried out in Experiments 1a, 1b and 3 to maintain consistency with the discrimination experiments. The colony room was maintained on a 12-h light/dark cycle (lights on at 7 am) and experiments were conducted during the light portion of the cycle (approximately between 10 am and noon unless otherwise noted). Animals were under continuous care and monitoring by veterinary staff from the Division of Laboratory Animal Medicine (DLAM) at UNC-Chapel Hill. All procedures were also carried out in accordance with the NIH Guide to Care and Use of Laboratory Animals and institutional guidelines.
Experiment 1: characterization of the corticosterone exposure model Experiment 1a: pattern of CORT levels during CORT exposure In naïve rats, tail blood was collected to determine baseline plasma CORT levels (at approximately 10 am). Immediately after the blood collection, rats were given one bottle (1-ml graduates) fitted with a ball bearing stopper (to limit spillage) containing corticosterone (CORT; 300 μg/ml) or water (n=8/group) as the sole available fluid for 7 days (24 h daily access). The CORT concentration was chosen based on literature Karatsoreos et al. 2010; Pung et al. 2003 ) and on pilot experiments showing significant changes in plasma CORT levels and no severe effects on general health using similar protocols. Rats were weighed daily and fluid was measured and changed daily. This CORT exposure protocol and concentration was used in all the experiments, except where noted. To determine the pattern of plasma CORT levels, during the sevent day of CORT/water exposure (n=8/group), tail blood was collected at 10 pm and again at 10 am (at the completion of Day 7).
Experiment 1b: HPA axis challenge (dexamethasone test)
Dysregulation of the HPA system is commonly characterized by impaired negative feedback mechanisms as evidenced by resistance/decreased sensitivity to dexamethasone-induced CORT secretion (reviewed in Ising et al. (2005) ). Rats underwent CORT exposure, as described in Experiment 1a, and on the seventh day of CORT/water exposure (7 am; n=17/group), rats were injected with the synthetic glucocorticoid dexamethasone (0 or 0.1 mg/kg, IP), and tail blood was collected at 11 am (i.e., at the completion of 7 days of CORT exposure). Dexamethasone doses in this range are commonly used in rodent studies to assess HPA axis function (Buwalda et al. 1999; Griesbach et al. 2011; Hatzinger et al. 1996; Mantsch et al. 2007; Raone et al. 2007 ).
Discriminative stimulus effects of experimenter-administered alcohol
Experiment 2a: effects of repeated CORT exposure on the discriminative stimulus effects of alcohol Seven-day CORT exposure (cumulative alcohol test) Rats were trained on a two-lever alcohol discrimination task. The same training procedures and conditioning chambers described in Besheer et al. (2009) , Besheer and Hodge (2005) , Besheer et al. (2006), and Cannady et al. (2011) were used. Briefly, following alcohol administration (1 g/kg by intragastric (IG) gavage; 10 min before the 15-min session), completion of ten responses on the alcoholappropriate lever (e.g., right lever) throughout the session resulted in the presentation (4 s) of the sucrose (10% w/v) reinforcer. Similarly, following water administration (IG), completion of ten responses on the water-appropriate lever (e.g., left lever) throughout the session resulted in sucrose reinforcer delivery. Daily training continued until the following accuracy criteria were met: the percentage of appropriate lever responses before the first reinforcer and during the entire session was >80% for at least eight out of ten consecutive days.
After the training criteria were met, a cumulative alcohol substitution curve (0.1, 0.5, 1.0, and 1.7 g/kg, IG) was determined. Cumulative dosing procedures were used as previously described (Besheer et al. 2009; Cannady et al. 2011 ) and these cumulative dosing test sessions were identical to training sessions except that they were 2 min in duration (after the initial 10-min delay) and ten responses on either lever resulted in sucrose delivery. Thirty minutes after the final alcohol administration, tail blood was collected for determination of baseline plasma CORT levels. Immediately thereafter, homecage CORT exposure began where CORT or water (n=8/group) was the sole available fluid for 7 days (as described in Experiment 1a). Discrimination training was withheld during this time and rats remained in the homecage for the 7-day duration. Immediately upon completion of Day 7 (at approximately 10 am), a cumulative alcohol curve was determined and tail blood was collected 30 min after the final alcohol dose administration for determination of plasma CORT levels.
One-day CORT exposure (cumulative alcohol test) To determine if changes in the discriminative stimulus effects of alcohol were due to "repeated" CORT exposure, another group of discrimination-trained rats followed the same procedure; however, they were exposed to CORT in drinking water or water only for 1 day. After 24 h of CORT exposure, a cumulative alcohol curve was determined and tail blood was collected. For this group (n=8), a within-subjects design was used (treatment order was counterbalanced) given that no changes in behavior were observed following the first half of CORT exposure and as an effort to reduce the number of rats needed. For these reasons, within-subjects designs were used whenever possible as noted in the remaining experiments. Rats were given 2 weeks of discrimination training following the exposure cycles.
Experiment 2b: testing memory/discrimination performance impairment: 7-day CORT exposure (cumulative water test)
To determine whether the reductions in alcohol-appropriate responding after 7 days of CORT were due to discrimination performance impairment, another group of discrimination-trained rats was tested. For this group, after determination of baseline measures, rats began CORT (n=7) or water (n=8) exposure in drinking water for 7 days. Immediately upon completion of Day 7, a cumulative water curve was determined and tail blood was collected. This cumulative test was identical to the alcohol cumulative curve test, except that water was administered in place of alcohol. Tail blood was collected 30 min after the final water administration for determination of plasma CORT levels.
Experiment 3: blood alcohol levels following CORT exposure
To determine whether 7 days of CORT exposure reduces blood alcohol levels, naïve rats were exposed to CORT (n=9) or Water for 7 days (n =10). At the completion of Day 7 (10 am), rats were administered alcohol (1 g/kg, IG) and tail blood was collected 30, 60, 120 and 240 min later.
Experiment 4: CORT synthesis inhibition on the discriminative stimulus effects of alcohol To assess whether reduced CORT level was related to inhibition of the discriminative stimulus effects of alcohol, discrimination-trained rats were administered the CORT synthesis inhibitor metyrapone (0, 25, and 50 mg/kg, SC; n =8) 90 min before a cumulative alcohol test. Tail blood was collected 30 min after the final alcohol administration. A within-subjects counterbalanced design was used with at least 1 week between tests.
Discriminative stimulus effects of self-administered alcohol Experiment 5a: effects of repeated CORT exposure on the discriminative stimulus effects of self-administered alcohol (in discrimination-trained rats) Sweetened alcohol reinforcer (10S/10A) To determine whether CORT exposure would alter the discriminative stimulus effects of self-administered alcohol, in addition to the effects of experimenter-administered alcohol (Experiment 2a), discrimination performance during discrimination/self-administration (Discrim/SA) test sessions was assessed as detailed in Besheer et al. (2006) . Specifically, discrimination-trained rats underwent a baseline Discrim/SA test session. For these Discrim/SA test sessions, rats were administered water (IG) and placed in the chambers for a 30-min session (following the initial 10-min delay). However, alcohol (A; 10% v/v) was added to the standard sucrose (S; 10% w/v) reinforcer (10S/10A) to assess the interoceptive effects of the self-administered alcohol. As described in Besheer et al. (2006) , following water (IG), rats begin responding on the water-appropriate lever; as the session continues and rats have consumed significant amounts of the sweetened alcohol reinforcer, responding shifts to the alcohol-appropriate lever, indicating that the interoceptive effects of the consumed alcohol are detected by the animal. During these sessions, behavior is free to vary between the two levers since completion of an FR10 on either lever produces access to the sweetened alcohol solution. Fifteen minutes after the completion of this baseline Discrim/SA session, tail blood was collected and rats began CORT (n=8) or water (n=6) exposure for 7 days. Upon completion of Day 7, rats experienced another Discrim/SA session (10S/10A reinforcer) and tail blood was collected 15 min after the completion of the session.
Experiment 5b: testing memory/discrimination performance impairment and specificity to alcohol interoceptive effects: sucrose reinforcer (10S)
To confirm that any CORT-induced changes in discrimination performance were not due to discrimination performance impairments, another group of rats (n=7) was tested using the same Discrim/SA procedure with the exception that a sucrose (10% w/v) reinforcer was used (i.e., no alcohol was added). For this group, a within-subjects design was used (treatment order counterbalanced) and rats were given 2 weeks of discrimination training between CORT/water exposure cycles.
Drugs and dosing
Alcohol (95%) was diluted in distilled water to a concentration of 20% (v/v) and administered IG, with volumes varied to obtain the desired dose. Corticosterone hemisuccinate (4-pregnen-11β, 21-DIOL-3, 20-DIONE 21-hemisuccinate; Steraloids, Inc., Newport, RI) was dissolved in tap water (for drinking studies; prepared daily) by addition of NaOH and neutralized with HCl, to a final pH of 7.0-7.4 (Gourley and Taylor 2009). Metyrapone (2-Methyl-1,2-di-3-pyridyl-1-propanone; Sigma-Aldrich) was suspended in a 0.5% carboxymethocellulose solution (vehicle) and injected subcutaneously (SC) at a volume of 2 ml/kg. Dexamethasone (Sigma-Aldrich) was dissolved in saline and injected at a volume of 1 mg/kg (SC).
Data analysis
Response accuracy was expressed as the percentage of alcohol-appropriate lever presses upon delivery of the first reinforcer. Response rate (responses/min) was analyzed for the entire session and provided an index of locomotor ability. Complete expression of the discriminative stimulus effects of alcohol (i.e., full substitution) was defined as >80% choice of the alcohol lever upon completion of the first FR10 during test sessions. One-or two-way repeated measures analysis of variance (RM ANOVA) was used to analyze response accuracy and response rate data. Paired or unpaired t-tests were used for two group comparisons. Tukey post hoc analyses were used to explore significant main effects and interactions. Statistical significance was declared at P≤0.05.
Results
For all experiments, baseline discrimination performance (where appropriate), baseline plasma CORT levels and average daily fluid and CORT dose consumed are shown in Tables 1 and 2 . No group differences in any of these measures were observed.
Experiment 1: characterization of the corticosterone exposure model Experiment 1a: pattern of CORT elevations during CORT exposure Figure 1a shows the pattern of CORT levels on Day 7. There was a significant main effect of time [F(1,14)=27.11, p<0.001], and a significant interaction [F(1,14)= 10.86, p=0.005; Fig. 1a ]. CORT levels were significantly elevated as compared to the Water group at 10 pm (p<0.05), corresponding to CORT intake of 15.8 ± 1.2 mg/kg (10 am on the start of Day 7 to 10 pm). At 10 am, CORT levels were significantly lower in the CORT and Water groups (corresponding CORT intake 4.1±0.6 mg/kg-10 pm to 10 am). Given that the remaining experiments utilize the same CORT exposure procedure, a decrease in CORT levels at the 10 am time point (i.e., approximate time at which blood is collected in all the behavioral experiments) will serve as a physiological index of efficacy of the CORT-drinking procedures.
Experiment 1b: HPA axis challenge (dexamethasone test)
Dexamethasone test Dexamethasone produced a significant reduction in plasma CORT levels in both the Water and CORT groups (Fig. 1b) . A two-way ANOVA showed a significant main effect of group [F(1,30)= 7.5, p =0.01], a significant main effect of injection (dexamethasone or saline; F(1,30)= 66.8, p<0.001), and a significant interaction [F(1,30) = 14.1, p < 0.001]. Consistent with the Experiment 1a (10 am), plasma CORT levels were significantly reduced in the vehicle-CORT group relative to the vehicle-Water group (p<0.05), confirming efficacy of the CORT procedure. Dexamethasone induced significantly less CORT suppression in the CORT group relative to the Water group (p<0.05). Given the group difference in CORT levels after vehicle injection, a difference from control measure was used to assess the relative change in plasma CORT levels after dexamethasone injection. Significantly less suppression was evident in the CORT (Fig. 2b) , indicating the absence of nonspecific motor effects. Plasma CORT levels (ng/ml) following 7 days of CORT exposure (blood collected 30 min after the final alcohol administration at approximately 10 am) were significantly reduced relative to the Corticosterone exposure (7 days) produces elevations in CORT and blunts response to dexamethasone. a On the seventh day of CORT exposure (300 μg/ml), plasma CORT levels were significantly higher than the Water group at 10 pm, and significantly lower than the Water group at 10 am (n=8/group). Asterisk signifies significant difference from the Water group (p<0.05). b CORT exposure (300 μg/ml; 7 days) resulted in significantly less suppression of plasma CORT levels in the CORT group after dexamethasone (0.1 mg/kg, SC) administration (blood collected 4 h after dexamethasone administration at 11 am; n=9/group). Asterisk signifies significant difference from the respective vehicle group (p<0.05); number sign signifies significant difference from the respective Water groups. Values on graphs represent mean ± S.E.M.
Water group [t = 4.11, p = 0.001; Water: 192.8 ± 78.0; CORT: 78.0±21.8], confirming efficacy of the CORT exposure procedure.
One-day CORT exposure (cumulative alcohol test) Acute CORT exposure (1 day) did not alter alcohol-appropriate responding ( Fig. 2c; i.e., sensitivity to the interoceptive effects of alcohol were not changed). There was a significant main effect of alcohol dose [F(3,21)=14.64, p<0.001], and no main effect of treatment or interaction. Response rate was also not altered by CORT exposure (Fig. 2d) . Further, 1 day of CORT exposure did not alter plasma CORT levels [Water: 226.4±78.0; CORT: 176.3±31.1; blood collected 30 min after final alcohol administration at approximately 10 am]. These results confirm that "repeated" elevations in CORT (7 days) are necessary to induce reduced sensitivity to the interoceptive effects of alcohol.
Experiment 2b: testing memory/performance impairment: 7-day CORT exposure (cumulative water test)
As shown in Table 3 , CORT exposure (7 days) did not alter response accuracy (i.e., alcohol-appropriate responses) when water was administered at each test during the cumulative testing procedure (i.e., responding predominantly on water-appropriate lever; low responding on the alcohol-appropriate lever). This accurate discrimination performance argues against a memory/discrimination performance impairment contributing to the reduction in the discriminative stimulus effects of alcohol after CORT exposure (7 days; Experiment 2a). Plasma CORT levels were significantly reduced in the CORT group following 7 days of CORT exposure [t=2.99, p=0.03; Water: 150.8±40.4; CORT: 22±3.6; blood collected 30 min after final water administration at approximately 10 am], confirming efficacy of the CORT exposure procedure.
Experiment 3: blood alcohol levels following CORT exposure
Blood alcohol levels were examined after CORT exposure (7 days) and were found to be unaltered by CORT exposure (Table 4) . A mixed two-way ANOVA (time as a repeated measure) showed that blood alcohol decreased across time [F(3,51)=564.9, p<0.001] as would be expected, and this pattern was unaffected by CORT exposure (7 days). Therefore, reduced sensitivity to the discriminative stimulus effects of alcohol following CORT exposure is likely not due to altered pharmacokinetics of alcohol. 
Experiment 4: CORT synthesis inhibition on the discriminative stimulus effects of alcohol
In addition to confirming efficacy of the CORT-exposure procedure, decreased CORT levels at the time of testing, could contribute to the decreased sensitivity to the discriminative stimulus effects of alcohol (i.e., Experiment 2a). To address this possibility, the CORT synthesis inhibitor metyrapone was tested in discrimination-trained rats. Metyrapone did not alter the discriminative stimulus effects of alcohol (Fig. 3a) , as appropriate alcohol discriminative stimulus control was observed. This was confirmed by a two-way RM ANOVA that showed a significant main effect of alcohol dose [F(3,15)=33.83, p<0.001], and no main effect of metyrapone dose or interaction. The highest metyrapone dose (50 mg/kg) induced a significant reduction in response rate as indicated by a significant main effect of metyrapone dose [two-way RM ANOVA F(2,10)=11.96, p=0.002; no main effect of alcohol dose or interaction; Fig. 3b ]. Consistent with its known mechanism of action, metyrapone significantly reduced plasma CORT levels [RM ANOVA: F(2,12)=23.64, p<0.001; Fig. 3c ]. One rat did not show reduced CORT level following metyrapone (25 mg/kg) injection, indicating a possible missed injection and therefore was not included in the discrimination performance or CORT level analyses. Metyrapone pretreatment resulted in a greater than two-fold reduction in plasma CORT levels, similar to the change between Water-and CORT-exposed rats in Experiment 2a. These results suggest that reduced sensitivity to the interoceptive effects of alcohol following CORT exposure (Experiment 2a) is likely not a direct function of reduced CORT levels.
Discriminative stimulus effects of self-administered alcohol Experiment 5a: effects of repeated CORT exposure on the discriminative stimulus effects of self-administered alcohol (in discrimination-trained rats)
Sweetened alcohol reinforcer (10S/10A) Overall, alcoholappropriate responses increased across time as more alcohol was consumed during the Discrim/SA session (Fig. 4a) , indicating that behavior was under discriminative stimulus control of the consumed alcohol. This was confirmed by a significant main effect of time [F(2,23)=4.73, p=0.02]. However, CORT exposure significantly reduced alcoholappropriate responding as indicated by a significant main effect of treatment [F(1,12)=4.95, p=0.046], indicating decreased sensitivity to the discriminative stimulus effects of the consumed alcohol. Planned comparisons showed a trend for a reduction at 20 min into the session (p=0.09), and a significant reduction at 30 min (p=0.04) in the CORT relative to the Water group. As shown in Fig. 4b , alcohol intake (g/kg) increased across time [F(2,24)=58.69, p<0.001] and importantly, did not differ between groups. Thus, reductions in discrimination performance (Fig. 4a) were directly related to decreased sensitivity to the discriminative stimulus effects of the consumed alcohol and not to differences in the alcohol dose consumed. Analysis of plasma CORT (ng/ml) showed significant decreases in the CORT group [t=2.31, p=0.04; Water: 98.2±26.7; CORT: 43.9±16.3; blood collected 15 min after the session at approximately 10 am], confirming efficacy of the CORT exposure procedure. Together, these findings further support and extend the initial findings in Experiment 2a to show that the interoceptive effects of both experimenter-and self-administered alcohol are blunted following repeated elevations in circulating CORT levels.
Experiment 5b: testing memory/performance impairment and specificity to alcohol interoceptive effects: Sucrose Reinforcer (10S)
CORT exposure did not alter discrimination performance when sucrose (10% w/v) was the reinforcer ( Fig. 4c ; no significant main effects of CORT exposure or time and no interaction). As expected, alcohol-appropriate responding remained low throughout the session, since no alcohol was present. As shown in Fig. 4d , sucrose intake (ml) increased across time [F(2,12)=255.11, p<0.001] and was unaffected by CORT exposure. Further, significant reductions in plasma CORT levels (ng/ml) were observed in the CORT group [t=3.44, p=0.01; Water: 71.5±17.6; CORT: 8.82±2.1]. These results show that reduced sensitivity to the interoceptive effects of self-administered alcohol (Experiment 5a) was not related to memory/discrimination performance impairments.
Discussion
The current study shows for the first time that repeated CORT exposure results in decreased sensitivity to the interoceptive effects of both experimenter-and self-administered alcohol. Using drug discrimination techniques, we show decreased alcohol-appropriate responding and a failure of any experimenter-administered alcohol dose tested to produce full substitution for the 1 g/kg training dose. A possible explanation for the reduction in alcohol-appropriate responding is that CORT exposure disrupted memory processes. Indeed, glucocorticoid receptors are highly expressed within the hippocampus (Chao et al. 1989; Van Eekelen et al. 1988 ), a brain region known to regulate aspects of learning and memory processes and to show adaptive changes after alcohol discrimination training (Besheer et al. 2008) . Further, chronic glucocorticoid administration or repeated stress has been shown to produce morphological changes in the hippocampus, such as dendritic atrophy (Conrad et al. 1999; Magarinos et al. 1998; McLaughlin et al. 2007 ). In the discrimination task, memory impairment would result in the inability to distinguish between the alcohol-and water-appropriate levers (i.e., 50% responding on a two-lever task). However, this pattern of responding did not occur during the cumulative alcohol substitution test as responding after low alcohol doses remained on the water-appropriate lever as would be expected. Further, a direct test for memory/ discrimination performance impairment was the CORT group that received water-only during the test (Experiment 2b), and given that responding remained predominantly on the water-appropriate lever throughout the test a memory impairment explanation is less tenable. Another possible explanation for the reduction in alcohol-appropriate responding is that CORT exposure reduced blood alcohol levels. However, this is not a likely explanation as demonstrated by similar blood alcohol levels in the CORT and Water groups in Experiment 3. Lastly, reduced plasma CORT levels as evidenced in the CORT group (Experiment 2a), may have contributed to blunted interoceptive effects in that group and this potential mechanism was evaluated directly by inhibition of CORT synthesis (Experiment 4). That is, while metyrapone pretreatment significantly reduced plasma CORT levels, the interoceptive effects of alcohol were unaltered. This pattern of results argues against a direct relation between reduced CORT level and blunted interoceptive effects of alcohol.
To date preclinical studies have shown mixed results of acute manipulation of the HPA axis on the interoceptive effects of drugs (Filip et al. 2000; Lu et al. 2003; Mantsch and Goeders 1998; Miczek et al. 1999) . In relation to alcohol, the discriminative stimulus effects of alcohol are not altered by acute restraint stress (Koros et al. 1999) or acute foot shock stress (Bowen et al. 1999) . In contrast, social drinkers exposed to an acute social stressor prior to alcohol consumption report blunted subjective response to Corticosterone exposure (7 days) blunts the interoceptive effects of self-administered alcohol. a In the Water controls (n=6), alcohol-appropriate responding increased across time as greater alcohol was consumed, indicating sensitivity to the discriminative stimulus effects of the consumed sweetened alcohol reinforcer (10% w/v sucrose/10% v/v alcohol). CORT exposure (300 μg/ml; 7 days; n=8) blunted the full expression of the discriminative stimulus effects of the consumed alcohol, and b did not alter alcohol intake (g/kg). c In the Water controls, alcohol-appropriate responding remained low throughout the session when sucrose (10% w/v) was the reinforcer, indicating accurate discrimination performance. CORT exposure (300 μg/ml; 7 days) did not alter this pattern of responding, or d sucrose intake (ml; n=7/group). Horizontal dashed line (>80%) represents full expression of the discriminative stimulus effects of alcohol. Asterisk signifies significant difference from Water group (p <0.05). Values on graphs represent mean ± S.E.M.
alcohol on ratings of "cheerful", "focused", and "outgoing" (de Wit et al. 2003 ) and a subpopulation show blunted subjective stimulant effects of intravenously administered alcohol (Childs et al. 2011 ). The present findings, showing that acute CORT exposure (1 day) did not alter the interoceptive effects of alcohol, are consistent with the previous acute stress/alcohol discrimination findings. Interestingly, CORT plasma levels were not elevated after the test and did not differ from the Water group. However, if blood was collected closer in time to fluid consumption, increases would most likely have been observed. Consistent with the inhibition of the interoceptive effects of experimenter-administered alcohol, the interoceptive effects of self-administered alcohol were also blunted after CORT exposure (Experiment 5a). This was evidenced by decreased alcohol-appropriate responding when alcohol (10% v/v) was added to the standard sucrose reinforcer, and extends the findings of Experiment 2a to show that the interoceptive effects of both experimenterand self-administered alcohol are blunted following repeated elevations in CORT. Importantly, alcohol intake, as directly estimated from response rate, did not differ between the Water and CORT groups. Therefore, the reduction in alcohol-appropriate responding was not due to a direct reduction in the consumed dose of alcohol, which would result in weaker or less detectable interoceptive effects, but rather to decreased sensitivity to the interoceptive effects of the consumed alcohol. An important issue to address is that the rats in these Discrim/SA experiments are trained on the drug discrimination procedure. Accordingly, they respond at high rates for sucrose (~60 responses/min) and are not trained to respond for alcohol (i.e., not alcohol self-administration). Therefore, this procedure assesses the interoceptive effects of consumed alcohol, not alcohol self-administration or alcohol reinforcement processes per se. It will be critical for future work to directly evaluate whether alcohol self-administration is escalated following this CORT exposure procedure using self-administration techniques.
A potential neurobiological mechanism(s) underlying the blunting of the interoceptive effects of alcohol may be related to maladaptive changes in the function of limbic systems known to modulate the discriminative stimulus effects of alcohol. Indeed, repeated elevations in glucocorticoids profoundly impact numerous limbic systems that control emotion and addiction processes (Herman et al. 2005; Piazza and Le Moal 1998) . Previous work has shown that the nucleus accumbens and amygdala play prominent roles in modulation of the interoceptive effects of alcohol (Besheer et al. 2003 (Besheer et al. , 2009 Hodge and Aiken 1996; Hodge and Cox 1998) . Thus, decreased sensitivity to the interoceptive effects of alcohol following repeated CORT exposure may be related, in part, to maladaptive changes (i.e., neurochemical, transcription, and signaling) within these limbic brain regions (Buffalari and Grace 2009; Makino et al. 1994; Morales-Medina et al. 2009; Otero Losada 1988; Perrotti et al. 2004; Wang et al. 2010 ). Therefore, it will be of interest for future work to determine the functional neurobiological mechanism underlying the related decreased sensitivity to the interoceptive effects of alcohol.
The altered pattern of circulating CORT levels and the blunted suppression of plasma CORT levels after dexamethasone administration following repeated CORT exposure are suggestive of maladaptive changes in the HPA axis (Harris et al. 2004; Mantsch et al. 2007; Marti and Armario 1997; Mizoguchi et al. 2008; Pung et al. 2003; Romeo et al. 2006) . Repeated CORT exposure resulted in significantly decreased daytime basal CORT levels (10 am) as compared to Water controls (confirmed in all experiments). This suggests that repeated CORT exposure produced a compensatory downregulation in circulating CORT levels via negative feedback mechanisms, a likely consequence of the heightened nighttime elevations in CORT levels ( Fig. 1a; 10 pm) . Accordingly, under these conditions the HPA axis may be differentially responsive to challenge of negative feedback systems. Indeed, repeated CORT exposure was associated with blunted response to dexamethasone challenge. Together, altered basal CORT levels and blunted response to dexamethasone suggest adaptive change in the HPA axis system, and the possibility of compromised or dysregulated function. It will be important for future work to further evaluate HPA axis function under these CORT exposure conditions.
The present findings are highly relevant because they present a possible behavioral mechanism for escalated alcohol drinking during episodes of heightened elevations in glucocorticoid levels as is common in drug and alcohol addiction, as well as mental health disorders, such as depression and posttraumatic stress disorder (PTSD). That is, during these episodes, individuals may consume more alcohol to achieve the desired interoceptive effects. Consideration of the present findings within the context of altered HPA axis function could also have significant implications given that compromised HPA axis function is a feature common to populations at risk for increased alcohol drinking (Hasin et al. 2005; Jacobsen et al. 2001; Schneier et al. 2010; Schuckit 2009; Schuckit and Smith 2000; Trim et al. 2009 ), such as individuals with alcohol use disorders or a family history of an alcohol use disorder, some forms of depression, PTSD, and other mood and anxiety disorders (Brown et al. 2004; Crum and Pratt 2001; Dai et al. 2002; Davidson et al. 1990; Gold and Chrousos 2002; Hernandez-Avila et al. 2002; Kodl et al. 2008; Sapolsky 2000; Uhart et al. 2006; Waltman et al. 1994) . The findings of this work and future mechanistic work examining the interaction between heightened elevations in glucocorticoids and decreased subjective effects of alcohol can lead to better understanding of factors that promote alcohol drinking during periods of stress and in at risk populations.
